In 2011, the United Nations Road Safety Collaboration (UNRSC) developed a Global Plan for the Decade of Action for Road Safety 2011-2020. Among the categories or "pillars" of activities, is the improvement of road safety for infrastructures. Furthermore, this plan is aligned by the UN Sustainable Development Goals that included even traffic safety. In this regard, this study estimates safety improvements achieved by converting a standard roundabout into an egg turbo roundabout. In particular, turbo roundabouts have become very popular in Northern Europe for both their safety and their capacity. Many studies have shown these advantages thanks to their features: preventive separation of entering flows, limited lane changing and low speeds due to curbs. Given the absence of existing turbo roundabouts in Italy, this research studied and compared a "virtual" roundabout with spiraling circular carriageways to an existing multi-lane roundabout in order to assess its significant reduction in terms of potential collisions. This study relied on traffic conflicts in micro-simulation by using VISSIM software and then Surrogate Safety Assessment Model (SSAM). The research is based on the traffic process observed at a standard roundabout in Cosenza (Italy) marked by a high level of congestion and safety problems. Speeds, critical gaps, queue lengths, and floating car data, obtained from video observations, have been used as input data for the calibration procedure of the first scenario (case study roundabout). Then, the turbo roundabout solution was built and simulated by using the previously derived parameters. Finally, the two roundabout scenarios were compared in terms of spatial distribution of the potential conflicts determined by SSAM. The results could help to measure the performance and safety impact of these two roundabout configurations.
Introduction
In the last two decades, roundabouts have become the most common and efficient solution for at-grade intersections [1] [2] [3] [4] [5] . However, many papers have evinced that standard multi-lane roundabouts offer lower capacity compared to estimates and a high rate of crashes [6, 7] . High speeds and many potential conflicts are probably the main causes of these problems: drivers accelerate when crossing the roundabout [8] [9] [10] [11] [12] . For these reasons, a new type of multi-lane roundabout, called the turbo roundabout, was introduced in the Netherlands [6] in 1996. This scheme was characterized by a spiraling circular carriageway with lanes separated by curbs. The main benefits of these new roundabout layouts are: a limited number of potential conflict points, a slower speed along the circulatory lane, and a low risk of side impacts [13] [14] [15] [16] [17] [18] . The main negative aspects are due to the presence of through conflict points in left-turning maneuvers, higher values of the critical gaps along the road, and generally lower capacity than conventional double-lane roundabouts [19] [20] [21] . In this study, we analyzed a virtual egg turbo roundabout as a possible alternative scheme to an existing multi-lane roundabout in Cosenza (Italy). The main goal of this conversion is to evaluate the potential improvement of performance and safety [11, 22] . We used data acquired throughout the several recordings on the investigated roundabout (traffic distribution, approaching and circulating speeds, queue lengths, approaching delays, time of service, and critical gaps) as input for the calibration procedures of VISSIM [23, 24] . Then, we employed the calibrated VISSIM parameters obtained from the existing roundabout (minimizing the difference between simulated and field-observed queue lengths) to estimate the spatial distribution of the potential traffic conflicts at the virtual turbo roundabout by using Surrogate Safety Assessment Model (SSAM) [25] and to compare the results of the two different roundabout solutions.
The advantage of converting traditional roundabouts into turbo roundabouts, both in terms of performance and safety, has been confirmed by several studies. Fortuijn [6] presented the first safety analysis on turbo roundabouts. The results of before-and-after studies, carried out in the Netherlands on 70 turbo roundabouts, demonstrated an 80% reduction in the risk of crashes associated with injury with respect to conventional single-lane roundabouts. As reported by Mauro and Cattani [26] , turbo roundabouts can considerably reduce the accident rate with respect to standard roundabouts, because they eliminate conflicts between circulating and exiting flows. In this paper, they developed an accident rate model based on the concept of potential conflicts, and demonstrated that turbo roundabouts abate total car accidents by about 40-50% and injury crashes by 20-30%. The same authors [27] confirmed these outcomes, also underlining the usefulness of turbo roundabouts in an urban area: they used the accident rate model to compare four-leg turbo roundabouts to standard roundabouts in the presence of significant two-wheeler and pedestrian traffic. Silva et al. [19] studied, in terms both of capacity and pollutant emissions, the performance of the turbo roundabout solution, when applied in corridor, compared to a conventional double-lane roundabout. The results showed a level of performance of the turbo roundabouts corridor lower than that of standard roundabouts, with traffic conditions close to saturation; however, the turbo roundabouts ensure higher capacities when traffic levels are lower than 70% (unsaturated conditions). For the same reason, in under-saturation conditions, turbo roundabouts guarantee a potential reduction of CO, CO 2 and particulate matter (PM): high percentages of right turns increase this tendency. Bulla and Castro [28] compared instead two-lane roundabouts and conventional turbo roundabouts in terms of capacity, level of service, and road safety. The authors used the VISSIM micro-simulation tool to determine the capacity of a standard roundabout, then converted it into a virtual basic turbo roundabout: they found a capacity increase of 7% between roundabout and turbo roundabout. Afterwards, a road safety audit methodology was proposed. This process demonstrated the road safety benefits of turbo roundabouts: a 22% reduction in overall risk estimation was found by the comparison of the average risk of both solutions. After adjusting the simulation parameters, Yperman and Immers [29] accurately assessed the capacity of a turbo roundabout by using Paramics microsimulation model. They found a capacity increase of between 12 and 20% by turning a three-lane classical roundabout into a two-lane turbo roundabout with traffic equally distributed among the four approaches. Moreover, Engelsman and Ukel [7] estimated a capacity increase of about 30% by using a quick-scan model developed in the Netherlands. They observed significant efficiency improvements with a turbo roundabout in comparison with single-lane roundabouts, two-lane roundabouts, traffic lights, or yield intersections, especially for approaching traffic volumes that do not exceed 3000 to 3500 veh/h. Huang et al. [30] presented a two-stage calibration process for the VISSIM simulation model considering 10 signalized intersections, in order to identify relationships between potential conflicts obtained by SSAM and recorded conflicts. The main results of this study supplied credible estimates for rear-end and total conflicts in relatively simple driving environments, as the SSAM approach does not take into account traffic conflicts deriving from unexpected drivers' maneuvers. Additionally, Vasconcelos et al. [31] used SSAM to access the relative performance of three roundabout schemes: single-lane, two-lane, and turbo roundabout. In this research, the authors demonstrated that the safety level of a turbo roundabout is comparable to a single-lane (conflicts are more severe than those of the single-lane type), but with the benefit of higher capacity levels. In conclusion, they evaluated a good qualitative agreement between conventional accident prediction models and SSAM approach. Essa and Sayed [32] investigated instead the transferability of VISSIM calibrated parameters to evaluate safety measures at different sites. They used an automated video-based survey to obtain vehicle trajectories and to identify potential conflicts for two urban signalized intersections. Then, after a two-step calibration process of the VISSIM model, they used SSAM to compare observed and simulated rear-end traffic conflicts considering Time To Collision (TTC) measures. In the conclusions, the authors demonstrated how the calibrated model matches existing traffic conditions and how safety analysis without proper calibration should be avoided.
Materials and Methods

Case Study Analysis
The test site roundabout, located in a suburban area of Cosenza (Italy), is marked by traffic problems with queues and long approaching delays during rush hours. It is a standard multi-lane roundabout with four symmetrical arms and an external radius of 19.00 m. The geometric attributes are reported in Figure 1 . of the single-lane type), but with the benefit of higher capacity levels. In conclusion, they evaluated a good qualitative agreement between conventional accident prediction models and SSAM approach. Essa and Sayed [32] investigated instead the transferability of VISSIM calibrated parameters to evaluate safety measures at different sites. They used an automated video-based survey to obtain vehicle trajectories and to identify potential conflicts for two urban signalized intersections. Then, after a two-step calibration process of the VISSIM model, they used SSAM to compare observed and simulated rear-end traffic conflicts considering Time To Collision (TTC) measures. In the conclusions, the authors demonstrated how the calibrated model matches existing traffic conditions and how safety analysis without proper calibration should be avoided.
Materials and Methods
Case Study Analysis
The test site roundabout, located in a suburban area of Cosenza (Italy), is marked by traffic problems with queues and long approaching delays during rush hours. It is a standard multi-lane roundabout with four symmetrical arms and an external radius of 19.00 m. The geometric attributes are reported in Figure 1 . We performed a traffic survey on the investigated roundabout during different ordinary working days by using three video cameras (as reported in Figure 1 ) for a total of nine hours of investigation obtaining: time of service, critical gaps, queue lengths, approaching delays, and traffic flows. We performed a traffic survey on the investigated roundabout during different ordinary working days by using three video cameras (as reported in Figure 1 ) for a total of nine hours of investigation obtaining: time of service, critical gaps, queue lengths, approaching delays, and traffic flows. The directional organization and composition of the traffic streams, presented in Figure 2 , shows that entrance A of the roundabout has the highest volume of all four approaches and that 80% of this traffic moves towards entrance C. These unbalanced flow patterns, especially during rush hours, cause long queues, non-uniform lane use, and a notable decrease in entry capacity. Table 1 shows the queue lengths observed during the rush hour for each entrance approach. 
Conversion of a Standard Roundabout into an Egg Turbo Roundabout
Italian legislation still does not include turbo roundabouts as a solution for at-grade intersections, however many studies have demonstrated the advantages of this solution [6, 7, 16] . For this reason, the first turbo roundabouts are going to be built in Northern Italy, considering their capacity to improve the performance and the level of safety of the intersection. Additionally, this kind of geometry is a sustainable transport solution because it is pedestrian and cyclist friendly. The raised curbs are not a problem for either heavy vehicles (trucks can pass over them if necessary) or for motorcyclists (as demonstrated in other countries [34] ).
Therefore, we decided to convert the case study roundabout into an egg turbo roundabout: the choice of the turbo-blocks determines the geometric features of the intersection. As reported by Tollazzi et al., "Each block is generated by a formation of all the necessary radii, which must be rotated in a certain way, in order to obtain the different traffic lanes. The size of radii of a standard turbo roundabout and the width of the circulatory lane must be selected in order to guarantee a driving speed through the roundabout not exceeding 40 km/h" [34] . Figure 3 shows the geometric attributes of the investigated roundabout after its transformation into an egg turbo roundabout. The directional organization and composition of the traffic streams, presented in Figure 2 , shows that entrance A of the roundabout has the highest volume of all four approaches and that 80% of this traffic moves towards entrance C. These unbalanced flow patterns, especially during rush hours, cause long queues, non-uniform lane use, and a notable decrease in entry capacity. Table 1 shows the queue lengths observed during the rush hour for each entrance approach. 
Therefore, we decided to convert the case study roundabout into an egg turbo roundabout: the choice of the turbo-blocks determines the geometric features of the intersection. As reported by Tollazzi et al., "Each block is generated by a formation of all the necessary radii, which must be rotated in a certain way, in order to obtain the different traffic lanes. The size of radii of a standard turbo roundabout and the width of the circulatory lane must be selected in order to guarantee a driving speed through the roundabout not exceeding 40 km/h" [34] . Figure 3 shows the geometric attributes of the investigated roundabout after its transformation into an egg turbo roundabout. 
Capacity Evaluation of the Two Roundabout Layouts
We used the original Bovy method to evaluate the capacity of the standard roundabout. In this model, the entry's capacity depends on the circulating flow and the number of entry lanes.
With:
where C is the entering capacity (veh/h), QC is the circulating flow (veh/h), QU is the exiting flow (veh/h), Qg is the disturbance flow (veh/h), and α, β, and γ are parameters respectively linked to the influence of the exiting flow, the number of circulatory lanes, and the number of entry lanes. Table 2 shows the capacity evaluation of the case study roundabout according to the Bovy model by using the traffic distribution reported in Figure 2 and the geometric features of the roundabout (Figure 1 ). After the transformation of the case study roundabout into a virtual egg turbo roundabout, the authors calculated the entries' capacity by using the Bovy modified method according to Dutch experiments [35] . Fortuijn divided the β parameter into b1 and b2 (respectively related to the inner and 
where C is the entering capacity (veh/h), Q C is the circulating flow (veh/h), Q U is the exiting flow (veh/h), Q g is the disturbance flow (veh/h), and α, β, and γ are parameters respectively linked to the influence of the exiting flow, the number of circulatory lanes, and the number of entry lanes. Table 2 shows the capacity evaluation of the case study roundabout according to the Bovy model by using the traffic distribution reported in Figure 2 and the geometric features of the roundabout (Figure 1 ). After the transformation of the case study roundabout into a virtual egg turbo roundabout, the authors calculated the entries' capacity by using the Bovy modified method according to Dutch experiments [35] . Fortuijn divided the β parameter into b 1 and b 2 (respectively related to the inner and the outer circulatory lane), and did the same thing for the correction factor of the influence of the exiting flow, α. In this way, it is possible to separately calculate the capacity of each traffic lane, as reported in the following equations:
where C 0 is equal to 1550; indices 1 and 2 are related respectively to the left and the right entering lane; Q R is the circulating flow, with indices m and M related respectively to the smaller and the bigger of the two intensities of the circulating flow; and indices N and Z refer respectively to the intensity of the traffic flow on the inner and on the outer circulatory carriageway lanes. Table 3 summarizes the results for the turbo roundabout's capacity. In this case, equations (3) and (4) allow the capacity of each entering lane to be calculated separately: the sum of the single capacities of the entering lanes determines the overall capacity of the branch. The results of Table 3 evince that the level of capacity of the turbo roundabout, calculated with the modified Bovy method according to the Dutch guidelines [35] , is decidedly higher than that of the existing roundabout. Figure 4 shows the strong increase of capacity for all the roundabout's entries after its transformation into an egg turbo roundabout. In particular, the capacity of approach B increases more than 90%, while for entries A and C the increase is more than 40%; for approach D, the increase is limited to only 11%. the outer circulatory lane), and did the same thing for the correction factor of the influence of the exiting flow, α. In this way, it is possible to separately calculate the capacity of each traffic lane, as reported in the following equations:
where C0 is equal to 1550; indices 1 and 2 are related respectively to the left and the right entering lane; QR is the circulating flow, with indices m and M related respectively to the smaller and the bigger of the two intensities of the circulating flow; and indices N and Z refer respectively to the intensity of the traffic flow on the inner and on the outer circulatory carriageway lanes. Table 3 summarizes the results for the turbo roundabout's capacity. In this case, equations (3) and (4) allow the capacity of each entering lane to be calculated separately: the sum of the single capacities of the entering lanes determines the overall capacity of the branch. The results of Table 3 evince that the level of capacity of the turbo roundabout, calculated with the modified Bovy method according to the Dutch guidelines [35] , is decidedly higher than that of the existing roundabout. Figure 4 shows the strong increase of capacity for all the roundabout's entries after its transformation into an egg turbo roundabout. In particular, the capacity of approach B increases more than 90%, while for entries A and C the increase is more than 40%; for approach D, the increase is limited to only 11%. 
Results and Discussion
Simulation of Roundabout Scenario
We used VISSIM ® 9.0 to simulate the two roundabout scenarios and to support the results of the previous paragraph. Starting from data acquired throughout the several recordings on the investigated roundabout (traffic distribution, approaching and circulating speeds, queue lengths, approaching delays, time of service, and critical gaps), we implemented a two-step calibration procedure of VISSIM, taking into account what was reported by Gallelli et al. [23] . The minimization of the difference between field-measured and simulated queue lengths in the case study roundabout was the goal of the calibration process. According to Vaiana et al. [24] , the authors implemented the scenarios after a preventive analysis about the most important parameters for the variance of results. A total of 1248 scenarios were carried out in order to assess the performance of the existing roundabout by combining the following parameters:
• directional distribution of the traffic flow as reported in Figure 2 ; • approaching, circulating, and exiting speed distribution; • position and length of the reduced speed area; • headway and minimum gap for the conflict zones; • driver behavior parameters [23] according to Wiedemann's car-following model [36] . Table 4 shows the values of the most significant parameters after the calibration procedure: this combination is the best estimate obtained from the genetic algorithm used in [23] . Considering the best scenario, the percentage deviation of each entry between field-measured and simulated queue lengths ranges between −4.5% and +18.4%, as reported in Figure 5 .
After the calibration of the standard roundabout scenario, we used the same settings to define the turbo roundabout scenario: the goal was to evaluate the potential improvements of this solution in terms of performance [11] .
The histograms of Figure 6 show a notable reduction of the average queue lengths after the transformation of the standard roundabout into an egg turbo roundabout. Three of the four approaches denote a percentage improvement of about 90%; approach B presents the worst performance, with a reduction in the average queue length of 64%. Therefore, the results obtained with the simulation process confirm how an egg turbo roundabout can be useful in the presence of unbalanced traffic flows.
Considering the best scenario, the percentage deviation of each entry between field-measured and simulated queue lengths ranges between -4.5% and +18.4%, as reported in Figure 5 . Comparison between field-measured and simulated queue lengths on the existing roundabout. After the calibration of the standard roundabout scenario, we used the same settings to define the turbo roundabout scenario: the goal was to evaluate the potential improvements of this solution in terms of performance [11] .
The histograms of Figure 6 show a notable reduction of the average queue lengths after the transformation of the standard roundabout into an egg turbo roundabout. Three of the four approaches denote a percentage improvement of about 90%; approach B presents the worst performance, with a reduction in the average queue length of 64%. Therefore, the results obtained with the simulation process confirm how an egg turbo roundabout can be useful in the presence of unbalanced traffic flows. 
Safety Analysis
SSAM is a tool that analyzes the trajectory files produced by microsimulation software in order to estimate the surrogate safety measures and the locations of potential conflicts corresponding to each vehicle-to-vehicle interaction. In this case, we used SSAM to evaluate the level of safety of the two roundabout configurations by using the trajectory files obtained from VISSIM [31] : this is an alternative approach in the absence of accident data [37] . Figure 7 shows the spatial distribution of the rear-end, lane-change, and crossing conflicts for the best calibrated roundabout scenario, where different colors identify the various types of conflicts. 
SSAM is a tool that analyzes the trajectory files produced by microsimulation software in order to estimate the surrogate safety measures and the locations of potential conflicts corresponding to each vehicle-to-vehicle interaction. In this case, we used SSAM to evaluate the level of safety of the two roundabout configurations by using the trajectory files obtained from VISSIM [31] : this is an alternative approach in the absence of accident data [37] . Figure 7 shows the spatial distribution of the rear-end, lane-change, and crossing conflicts for the best calibrated roundabout scenario, where different colors identify the various types of conflicts.
It can be noted that the potential conflicts are almost exclusively localized to entry A in the best roundabout scenario. This may be because the case study intersection is characterized by unbalanced traffic flows: about 50% of the whole traffic flow comes from entry A. This prevailing direction generates long queues during rush hours. This is probably the cause of the dense distribution of rear-end conflicts (green squares) along approach A. It can be noted that the potential conflicts are almost exclusively localized to entry A in the best roundabout scenario. This may be because the case study intersection is characterized by unbalanced traffic flows: about 50% of the whole traffic flow comes from entry A. This prevailing direction generates long queues during rush hours. This is probably the cause of the dense distribution of rearend conflicts (green squares) along approach A.
The same procedure was used for the turbo roundabout scenario. Figure 8 shows the location of all the potential conflicts for this solution. Also in this case, various colors mark different types of conflicts. A comparison between Figures 7 and 8 highlights the main differences between the two configurations:
• the drastic reduction of queue length on approach A by using the turbo roundabout scheme, as reported in Figure 6 , justifies the almost total disappearance of rear-end conflicts on the same branch; • the appearance of rear-end conflicts on approach B is due to the high circulating flow • the drastic reduction of queue length on approach A by using the turbo roundabout scheme, as reported in Figure 6 , justifies the almost total disappearance of rear-end conflicts on the same branch; • the appearance of rear-end conflicts on approach B is due to the high circulating flow in front of the same node (this approach gave the worst performance in terms of queue reduction); • the increase of crossing and lane-change conflicts, in particular near to entry B and to entry C, is certainly due to the specific features of the spiraling circular carriageways in fact, the solid curb, which separates the two lanes of the circulatory carriageway, is exactly interrupted near to the two approaches in order to allow the use of the inner lane; • in general, as reported in Table 5 , the strong decrease in the total number of potential conflicts (85%), especially in terms of rear-end conflicts (95%), underlines the notable reduction of queue lengths on all the approaches. Finally, considering the lack of crash data for the case study roundabout and the "virtual" turbo roundabout configuration, we used the potential conflict prediction model reported by Mauro et al. [27] in order to corroborate the SSAM results. Table 6 shows that the potential conflict prediction model used to validate the SSAM analysis gave good results for the case study roundabout, while for the turbo roundabout's configuration the difference seems to be quite notable. However, this comparison confirms a preliminary indication of the turbo roundabout's benefits in terms of safety: the annual number of potential conflicts decreases by 85% with SSAM and by 73% considering Mauro's model. However, other roundabouts with different geometric features must be considered in order to give more significance to this validation test. 
Conclusions
This study analyzed the effect of turbo roundabouts on capacity, queue lengths, and potential conflicts. After a traffic survey performed on a muti-lane roundabout, microscopic simulation software was used to estimate the consequences of the conversion of this intersection into an egg turbo roundabout. Data acquired throughout the several recordings on the investigated roundabout, (O/D matrix, average speeds, queue lengths, approaching delays, time of service, and critical gaps) were used to carry out a calibration procedure of VISSIM by minimizing the difference between field-measured and simulated queue lengths. The results showed a capacity growth that ranges from 11% to 92% according to the entry; in particular, approach A, the most loaded branch, registered a capacity rise of 42%. Afterwards, VISSIM was used to explore the effect of the virtual turbo roundabout on the queue lengths. The results indicated important reductions: higher than 90% for approaches A, C, and D, and about 64% for entry B.
After that, the two roundabout scenarios were compared in terms of the spatial distribution of the potential conflicts determined with SSAM. This analysis allowed the following considerations:
• the drastic reduction of queue length on approach A by using the turbo roundabout scheme justifies the almost total disappearance of rear-end conflicts on the same branch; • the appearance of rear-end conflicts on approach B is due to the high circulating flow in front of the same node (this entry gave the worst performance in terms of queue reduction); • the increase of crossing and lane-change conflicts, in particular near to entry B and entry D, is certainly due to specific features of the spiraling circular carriageways; in fact, the solid curb, which separates the two lanes of the ring, is exactly interrupted near to the two approaches in order to allow the use of the inner lane; • in general, the strong decrease in the total number of potential conflicts (85%), especially in terms of rear-end conflicts (95%), underlines the notable reduction of queue length on all the approaches.
On the basis of these results, the proposed solution of an egg turbo roundabout increased both operational and safety performance of the multi-lane roundabout. However, these considerations are exclusively related to this particular case study: the authors only considered a comparison in terms of localization of the potential conflicts between the two roundabout configurations. More reliable indications must be obtained in terms of safety measures, for example considering other kinds of intersections and specific safety parameters (Time To Collision, Post-Encroachment Time, Deceleration Rate to Avoid the Crash, etc.).
